We report on our initial investigations into the seismic structure of the lithosphere in the Middle East and North Africa using surface waves and receiver functions. We have initiated the collection of prior work in the region and computing receiver functions for use in the joint inversion. Critical to the joint inversion are surface-wave dispersion information localized to approximately the same region sampled by receiver functions. We continue to improve our surface wave dispersion model of Western Eurasia and North Africa. We have developed group velocity maps at 2-degree resolution for both Love and Rayleigh waves from 10-to 100-s period. The model shows excellent relationship to tectonic structure, and group velocity variations correlate well with orogenic zones, cratons, sedimentary basins, and rift zones. We have recently implemented a variable-resolution tomography and have pushed the resolution of the model down to 1 degree in areas with sufficient density sampling. We plan to present information on the complexity of receiver structure at many permanent sites in the region as well as several illustrative inversions for lithospheric structure. Other work on the combination of additional observations (body-wave travel times, highermode observations, surface-wave polarization information) is planned for the future stages of the project, but we include illustrations outlining our ideas for the use of these data to help further constrain the seismic structure of the lithosphere.
OBJECTIVES
Our objectives are the construction of shear-velocity profiles for regions surrounding broadband seismic stations throughout the Middle East, north Africa (MENA), central Africa, and parts of western Europe. Application of the technique in the MENA region provides an opportunity to revise models of the crust and upper mantle structure throughout the region and to exploit the global and regional work of previous seismic verification research (e.g. Pasyanos et al., 2001; Ritzwoller & Levshin, 1998 , Larson et al., 2001 . The resulting shear-velocity models provide a single structure consistent with a range of observations and which can be tested as a tool for the construction of mode isolation filters that can help improve surface-wave magnitude estimated. We also plan to explore the possibility of adding further data to our inversions of receiver functions, surface-wave dispersion. The diverse seismic activity throughout the region will facilitate cross-validation of the mode isolation filters with simple empirical filters constructed using larger events with adequate signal-to-noise ratios.
Background
Subsurface geology generally has a broad wave number spectrum (Figure 1) containing sharp, or high wave number, changes in velocity near Earth s major geologic boundaries and smooth low-wave number variations in regions of relatively uniform geologic structure. Access to the full spectrum of earth structure requires that we exploit signals that span a wide frequency range and that are sensitive to the entire spectrum of heterogeneity. Surface waves, travel times, and direct-wave amplitudes, for example, are sensitive to smooth variations in earth structure; reflected and converted waves are sensitive to velocity contrasts. Combining seismic data in joint inversions is an obvious approach to improve estimates of earth structure. To successfully combine data in an inversion, we must insure that all the data are sensitive to the same (or related) physical quantities and that they sample or average structure over comparable length scales. Recent advances in surface-wave tomography have provided an opportunity to combine localized surface-wave dispersion estimates with other data such as P-and S-wave receiver functions. Ammon and The top panel shows the sum of two, five and fifty terms respectively. The lower panels show the model spectra, that on the right focuses on the smaller amplitude, higher wave number coefficients. The point is that to image the structure, we must have data that can control the entire spectrum of the structure. Zandt (1993) (Du and Foulger, 1999; Julia et al., 2000) . Recent accomplishments in global and regional tomography now provide a more complete band of dispersion measurements to combine with receiver functions that allow us to improve the resolution of earlier works.
Surface-wave dispersion measurements are sensitive to broad averages, or low wave number components of earth structure. They provide valuable information on the absolute seismic shear velocity but are relatively insensitive to sharp, high-wave number velocity changes. Generally surface-wave inversions must be constrained using a particular layer parameterization (e.g. near-surface, upper-crust, lower crust, mantle lid, deep mantle), resemble an a priori model, or be substantially smoothed to stabilize earth-structure estimation. Despite these drawbacks, surface-wave dispersion values contain important constraints on the subsurface structure, and the general increase in depth sensitivity with depth allows an intuitive understanding of their constraints on structure. Additionally, modeling dispersion values facilitates a broadband inversion by reducing the dominance of Airy phases, which pose problems when constructing broadband misfit norms to model seismograms directly. Perhaps most important for our application is the ability to localize Earth s dispersion properties using seismic tomography. The idea is now well established, and global dispersion models exist for a broad range of frequencies (e.g. Larson and Ekstr m, 2001; Stevens et al., 2001) . The localization of dispersion allows us to isolate the variations in properties spatially, and global models of surfacewave dispersion exist and are readily available for application to other studies such as the proposed work.
Receiver functions are time/series computed from three-component body-wave seismograms, which show the relative response of Earth structure near the receiver (e.g. Langston, 1979) . Source, near-source structure, and mantle propagation effects are removed from the seismograms using a deconvolution that sacrifices P-wave information for the isolation of near-receiver effects (Langston, 1979; Owens et al., 1984; Ammon, 1991; Cassidy, 1992) . Receiver function waveforms are a composite of P-to-S (or S-to-P) converted waves that reverberate within the structure near the seismometer. Modeling the amplitude and timing of those reverberating waves can supply valuable constraints on the underlying geology. In general, the receiver functions sample the structure over a range of tens of kilometers from the station in the direction of wave approach (the specific sample width depends on the depth of the deepest contrast). Stations sited near geologic boundaries can produce different responses for different directions. Recent innovations in receiver function analysis include more detailed modeling of receiver function arrivals from sedimentary basin structures (e.g. Clitheroe et al., 2000) , anisotropic structures (e.g. Levin and Park, 1997; Savage 1998) , estimation of Poisson s ratio (e.g. Zandt and Ammon, 1995; Zhu and Kanamori, 2000, Ligorr a, 2000) , reflectionlike processing of array receiver functions (e.g. Chevrot and Girardin, 2000; Ryberg and Weber, 2000) and joint inversions (e.g. zalaybey et al., 1997; Du and Foulger, 1999; Julia et al., 2000) .
Our joint inversion method is similar to that of zalaybey et al. (1997) except that we use jumping, smoothness, and constraints to include as much a priori information into the inversion as is available. We combine the receiver function and surface-wave observations into a single algebraic equation and account for their different physical units and equalize their importance in the misfit norm by weighting each data set by an estimate of the uncertainty in the observations and the number of data. We also append smoothness constraints and a priori model constraints on the deepest part of the model. Although we cannot resolve fine details in the deep upper mantle, these regions can impact our results since surface-wave dispersion values at intermediate and longer periods are somewhat sensitive to this deeper structure. We believe that it is important to have a reasonable basement structure so that our results are more consistent with global models. We extend our models to about 500-700 km to insure this consistency. The resulting inversion equations are
(1)
where , , , and are weights that control the relative importance of receiver functions, dispersion values, smoothness, and a priori model constraints in the norm minimized during the inversion. The data comprise the vectors and , and the partial derivatives fill the matrices and . The matrix is a finite-difference stencil that computes model roughness, and the matrix is a layer-dependent weight that is used to insure the model blends smoothly into the a priori model, , at depth. The second term on the right is added to create the jumping inversion scheme ( e.g. Constable et al., 1987; Ammon et al., 1990) and allows us to solve for (and constrain) the shear-velocity models as opposed to shear-velocity correction vectors. Equation (1) is solved in a leastsquares sense for the model, , starting with an initial model . The procedure generally converges in a few iterations.
RESEARCH ACCOMPLISHED Receiver Function Computation
The first step in the project is the selection of target stations and the computation of receiver functions at those stations. To begin, we have selected a subset of permanent stations that have relatively long recording histories and thus will have substantial data already available. More recently installed stations and operating temporary stations will be added later in the project. Data processed at the time this report was written (July 2002) are shown in Figure 2 . We plan to include all available temporary and permanent stations within central and northern Africa, the Middle East, and parts of Europe.
When the data are high quality and the receiver structure is not too complex, the choice of a deconvolution procedure does not make much difference. However, when the noise in the seismograms is substantial, or the receiver structure is complex, different deconvolution approaches have strengths and weaknesses. We will compute receiver functions using the iterative time-domain deconvolution procedure described by Ligorr a and Ammon (1999) . We prefer the iterative approach, which is based on the Kikuchi and Kanamori (1982) source-time function estimation algorithm, for several reasons. First, in the iterative approach the receiver function is constructed by a sum of Gaussian pulses, which produces a flat spectrum at the longest periods. The flat long-period spectrum can be viewed as a priori information that helps reduce side-lobes that may result from spectral or singular-value truncation stabilization procedures. The reduction of side-lobes eases the interpretation and helps stabilize low-frequency receiver functions. Second, the iterative approach constructs a causal receiver function, which is what we expect in all cases of reasonable earth structure. This is a subtle difference from spectral techniques (e.g. Langston, 1979; Park and Levin, 2000) which can always introduce a component to the signal before the P-wave. The acausal component of the spectral signal may be small but still important to the satisfaction of the convolutional model that defines a receiver function, i.e.:
.
(2)
In equation (2), and are the radial and vertical seismograms, and is the radial receiver function (a similar equation holds for the transverse component). The point is that even when the receiver function estimation is unstable, spectral deconvolutions may satisfy (2) quite well. The iterative time-domain approach, which can be restricted to produce the best causal solution, may not always satisfy (2). Experienced modelers have always been able to identify failed receiver functions, but the misfit to (2) available from iterative deconvolutions provides quantitative information that can be used when stacking signals, or in extreme cases, to discard obviously failed deconvolu- 
tions. In our case we find using a threshold cut-off of 80-90% of the radial power fit allows us to quickly discard poorly constrained deconvolution results, enabling an efficient and objective selection of the data to include in further analysis.
Tomographic Imaging of Group-Velocity Variations
We have performed a large-scale study of surface wave group velocity dispersion across Western Eurasia and North Africa (Pasyanos, 2002) . This study expands the coverage area northwards relative to previous work (Pasyanos et al., 2001) , which covered only North Africa and the Middle East. As a result, we have increased by about 50% the number of seismograms examined and group velocity measurements made. We have now made good quality dispersion measurements for about 10,000 Rayleigh wave and 6000 Love wave paths, and have incorporated measurements from several other researchers into the study. We use a conjugate gradient method to perform a group velocity tomography.
We have improved our inversion from the previous study by adopting a variable smoothness (Pasyanos, 2002) . This technique allows us to go to higher resolution where the data allow without producing artifacts. Our current results include both Love and Rayleigh wave inversions across the region for periods from 10 to 100 s. Figure 3 shows inversion results for Rayleigh waves at periods of 20 and 50 s. Short-period group velocities are sensitive to slow velocities associated with large sedimentary features such as the Russian Platform, Mediterranean Sea, and Persian Gulf. Intermediate periods are sensitive to differences in crustal thickness, such as those between oceanic and continental crust or along orogenic zones. At longer periods, we find fast velocities beneath cratons and slow upper mantle velocities along rift systems and the Tethys Belt. 
An Example, Station TAM, North Africa
We illustrate the ideas with an example. We computed receiver functions for GEOSCOPE station TAM using events from the 1990 s. We extracted intermediate-period (period ‡ 12 s) group velocity dispersion measurements from the Lawrence Livermore National Laboratory (LLNL) MENA group velocity map (Pasyanos et al., 2001) . The joint inversion results for the station are shown in Figure 4 . The observations are shown on the left, the models on the right. The receiver functions for this station are relatively simple, dominated by converted phases and a sharp multi- ple from the crust-mantle transition. The results are not optimal in the sense that for the preliminary calculation we fixed the deepest parts of the model to resemble a coarsely-layered structure with a velocity of about 2.5% faster than PREM, which corresponds to the values in Harvard Shear-Wave Model S12WM13 (Su et al., 1996) . We can adapt the solution to match the IASPEI-91 model to be more consistent with body-wave travel times, or use velocity-depth profiles extracted from global aspherical models. The crustal velocity structure is a little rough, which reflects small arrivals in the broadband receiver function. The crust is also relatively thin, about 35 km, which is roughly consistent, but slightly thinner than the 38 -0.0 (< 1.0) km estimated by Sandvol et al. , (1998) . The relatively slow shallow structure is dictated by the surface waves and is much slower than the values in MENA 1.1 region 5. Including local dispersion at shorter periods from paths of nearby earthquakes (of which there are few in this case) would help to verify these values.
CONCLUSIONS AND RECOMMENDATIONS
Since we have just begun work in this project in the last few months, conclusions and recommendations are premature.
